A low temperature supercritical fluid nitridation (SCF-nitridation) technique was investigated to dope nitrogen into a indium-tin-oxide (ITO) electrode to boost the performance of hafnium oxide resistive random access memory (RRAM). After the SCF-nitridation treatment, the memory window for the N:ITO electrode device was increased from 40 to 100. Moreover, the operation voltages (V SET and V RESET ) and currents (I ON and I OFF ) were remarkably decreased, in which the I OFF was decreased to 65 nA. The possible reason for the performance improvement of resistive switching memory with the ITO transparent electrode induced by SCF-nitridation treatment was carefully explored.
Introduction
Recently, due to its excellent characteristics, such as low power, high-speed operation and simple structure, resistive random access memory (RRAM) has been regarded as a promising candidate for next-generation non-volatile memory. [1] [2] [3] [4] [5] [6] In our previous research, a low temperature supercritical CO 2 uid (SCCO 2 ) technique was proven to be an effective method to passivate and repair the defects in thin lms as well as modify the dielectric properties and electrical performance of various thin lm transistors (TFTs) and RRAM devices. [7] [8] [9] The supercritical phase is peculiar for its characteristics of high penetration of gas and solubility of liquids. Normally, we introduce CO 2 vapor into a high-pressure pump to form SCCO 2 , completing the phase change from vapor to supercritical uid. Furthermore, by adding a small amount of ammonia (NH 3 $H 2 O) into the supercritical CO 2 uid, the NH 3 $H 2 O molecules can achieve supercritical uid phase due to its phase being close to the ideal solution.
In this study, we propose a novel nitrogen doping method and effectively doped nitrogen into an ITO electrode by adding a small amount of NH 3 $H 2 O into the SCCO 2 uid, which was called the SCF-nitridation technique. Concerning nitridation techniques, we have reported a post-annealing treatment of TiO 2 /HfO 2 bilayer resistive accessory memory in an N 2 atmosphere. 10 Chen et al. also reported an NH 3 treatment on a ITO/ Hf:SiO 2 /TiN device.
11 Both post-annealing under N 2 atmosphere and treatment with a NH 3 sputtering atmosphere are effective methods to realize an improvement in the performance in RRAM devices. In this experiment, due to the gas-level penetrability and liquid-level solubility of the supercritical uid, the NH 3 $H 2 O molecules can be easily introduced into the ITO thin lm at a low temperature (120 C) and thus, doping nitrogen into an ITO electrode can be realized. Herein, we dene low temperature as lower than 150 C. To be a post-treatment technology, unlike post-annealing technology, 10 the temperature is regarded as low temperature. To investigate the resistive switching properties of a RRAM device with a nitrogen doped ITO electrode, an ITO/HfO 2 /TiN device was fabricated and treated using the SCF-nitridation process. The effect of SCFnitridation on the resistive switching behavior of the hafnium oxide lm with ITO electrode was evaluated by the material and current conduction mechanism analyses. Finally, the reaction mechanism in RRAM with SCF-nitridation was also discussed to explain the reason for the performance improvement of hafnium oxide RRAM.
Experimental
The experimental specimens were prepared as follows: for both groups, HfO 2 (15 nm) switching layers were deposited on a TiN/ Ti/SiO 2 /Si substrate via magnetron sputtering with a HfO 2 target at a RF power of 150 W. Aer HfO 2 lm deposition, a 70 nm ITO electrode was deposited on the HfO 2 lm to complete the ITO/ HfO 2 /TiN sandwiched device. The sputtering process was executed under an argon atmosphere, at a sputtering rate of 30 standard-state cubic centimeters per minute (sccm) and a working pressure of 4 mTorr at room temperature. One group of the as-fabricated samples was placed into the reactive chamber of a SCF system. A simplied schematic of the SCFnitridation process is shown in the inset of Fig. 1 . Gaseous CO 2 was transported from the cylinder to a high-pressure pump at a pressure of 3000 pounds per square inch (psi), completing the phase change from vapor to supercritical uid. The samples were treated in the stainless steel chamber of the SCF system by SCCO 2 uid mixed with 0.5 mL of ammonia at 120 C for one hour. The treatment temperature can be adjusted in the range of 85 C to 150 C, which is dependent on the experimental requirements. The electrical characteristics were recorded using an Agilent B1500 semiconductor parameter analyzer.
Results and discussion
The lm composition and chemical bonding states were investigated by X-ray photoelectron spectroscopy (XPS) of the pure ITO and SCF-nitrided ITO (N:ITO) electrodes. Fig. 1 shows the XPS survey spectrum of the N:ITO electrode, containing In 3d 5/2 , Sn 3d 5/2 , O 1s and N 1s peaks. By calculating the area proportion of each peak, we obtained the mole fraction ratio of each element in the N:ITO electrodes, in which the atomic ratio of In : O : Sn : N ¼ 38.8% : 53.5% : 4.3% : 3.4%. In order to precisely clarify the nitrogen doping effect via SCF-nitridation, we divided the N 1s spectrum into three sub peaks by Gaussian tting. The main peak was located at a binding energy of 400.7 eV corresponds to the N-O bond, and the other two peaks N-In and N-Sn were located at 397.8 eV and 396.3 eV, respectively. 12-14 It can be inferred that nitrogen was doped into the ITO lm and mainly exists as an N-O bond. When combined with the SCCF process mentioned above, a possible SCFnitridation reaction related with the NH 3 $H 2 O molecule, which was carried into ITO electrode by the SCCO 2 uid was proposed and is shown schematically in Fig. 2 . As the RRAM device with the ITO electrode was placed into the ammoniamixed SCCO 2 uid environment, the H 2 O molecules were rst removed by the molecular sieves present in the SCF system, while the NH 3 molecules were carried into the ITO lm. Generally, several dangling bonds exist in the grain boundary of ITO lm, as shown in Fig. 2(a) . From Fig. 2(b) , it can be seen that the NH 3 molecules, containing NH 2 À and H + , approach the grain boundary of the ITO lm and a domination reaction occurs: NH 2 + NH 2 + NH 2 / 2NH 3 [ + N, as shown in Fig. 2(c) . Finally, the N atoms mainly form the N-O bonds in the ITO lm, which is consistent with the XPS results. Fig. 3 presents the current-voltage (I-V) curve comparison for the RRAM devices with the pure ITO and N:ITO electrodes. During the electrical test, a voltage was applied on the TiN electrode when the ITO electrode was grounded. It can be seen that both samples show typical bipolar characteristics and a self-compliance current phenomenon occurs. The selfcompliance phenomenon results from the ITO electrode and has been reported in our previous study. 15, 16 In addition, when comparing the RRAM device with a pure ITO electrode, the selfcompliance current of the RRAM with a N:ITO electrode was slightly decreased from 110 mA to 80 mA. Moreover, aer SCFnitridation, the resistive switching (RS) parameters, including the operation current/voltage as well as the storage window (ON/OFF ratio, read at 0.1 V), were greatly improved. As observed from the inset of Fig. 3 , the memory window for the N:ITO electrode device was enlarged from 40 to 100. Moreover, the operation voltages (V SET and V RESET ) and currents (I ON and I OFF ) were remarkably decreased. It is worth noting that I OFF was decreased to 65 nA for the device with the N:ITO electrode. In addition, we compared the power consumption for both devices and it can be calculated that the power consumption was decreased to 120 nW for the device with the N:ITO electrode. As a result, lower power consumption as well as a larger storage window, which are benecial to RRAM applications, can be achieved through SCF-nitridation. In order to further investigate the RS parameters of the RRAM devices with the pure ITO and N:ITO electrodes, we made the statistical distribution of RS parameters including the operation current/voltage, as shown Fig. 4(a and b) . For the oating box charts, the top and bottom lines mean 90% and 10% distributions, and the box represents the 75-25% range. The 50% point is indicated by the lines inside the box. As can be seen in Fig. 4(a and  b) , from the length of an individual box, the RS parameters for the device with the N:ITO electrode show a small variation. This indicates that a higher uniformity was achieved for the RRAM device aer the SCF-nitridation process. [17] [18] [19] Moreover, when compared with the device with the ITO electrode, it was found from Fig. 4(a) that the average operation currents of I ON and I OFF for the device with the N:ITO electrode were reduced by 50% and 70%, respectively. Moreover, the average operation voltages, including V SET and V RESET , were reduced by about 80% and 50%, respectively, as shown in Fig. 4(b) . Fig. 4(c and d) show the reliability tests of the pulse endurance and retention for the RRAM device aer the SCF-nitridation process. We found that the resistance ratio between the high resistive state (HRS) and the low resistive state (LRS) remains stable over 10 7 pulse cycle operations, as shown in Fig. 4(c) . It has been reported that for the pure ITO electrode RRAM device, the pulse endurance was 10 4 .
16 Therefore, an excellent endurance was achieved for the N:ITO electrode RRAM device aer the SCF-nitridation process. In addition, the retention characteristics have been presented in Fig. 4(d) . The ON/ OFF ratio can be kept for over 10 4 seconds at 85 C, which indicates that the data storage capability is equal to a 10 year lifetime.
20,21
To clarify the superiority of the N doping effect via SCFnitridation, we further explored the possible switching mechanism for the RRAM device. From the current tting results, shown in Fig. 5(a and b) , it can be seen that the initial current conduction of HRS and LRS from 0 V to À0.08 V exhibited an ohmic conduction mechanism for both devices, which was caused by the intrinsic carriers of the ITO material.
22
As the applied voltages become larger in range from À0.1 V to À0.25 V, the current conduction mechanism in the LRS was still dominated by the ohmic conduction mechanism for the device with the pure ITO electrode. However, for the device with the N:ITO electrode, the current conduction mechanism of the device in the LRS transferred to Schottky emission. This implies that the electrons have to surpass an additional potential energy barrier between the conductive lament (CF) and the N:ITO electrode.
23,24
According to the current tting results, we further investigated the RS mechanisms for both devices to explore the possible reason for the performance improvement in the memory cell with the ITO transparent electrode induced by SCFnitridation treatment. During the repeated set and reset process, the formation and rupture of CFs were accompanied by the recombination and separation of oxygen ions (O 2À ) and oxygen vacancies (Vo + ) near by the ITO electrode. 25 In the set process, for the pure ITO electrode, 26 the O 2À will transfer to the ITO electrode under the electrical force and a conductive la-ment (CF) was formed and connected to the ITO electrode as shown in Fig. 5(c) . Therefore, the current conduction mechanism is dominated by the ohmic conduction in the LRS for the device with the pure ITO electrode. However, for the device with the N:ITO electrode, the N atom can capture and stop the oxygen atom to localize the oxygen near the CF tip.
11,25
The bonding energy of the N-O bond is higher than that of the O-O bond, 27, 28 and therefore, the O 2À ions prefer to form the N-O bond instead of participating in the reduction reaction. That is to say, the oxygen ions will concentrate around the CF tip during the SET process, as shown in Fig. 5(d) . In contrast to Fig. 5(c) , the oxygen ions are relatively scattered in the pure ITO electrode without the N atom. From Fig. 5(d) , we assume that an oxygen-rich region was formed in the N:ITO electrode, which led to a Schottky barrier between the CF and the N:ITO electrode. Therefore, the current conduction mechanism for the device with the N:ITO electrode changed to Schottky emission, which was the main reason for the decrease in the LRS current, as shown in Fig. 4(a) . In the reset process, for the device with the N:ITO electrode, an oxygen-rich region is formed in the N:ITO electrode, the oxygen ions are easier to repel from the N:ITO electrode under a lower reset voltage and the CF will be disconnected. Moreover, more oxygen ions participate in the oxidation reaction, which results in a longer distribution distance for the lament, 15 and thus the HRS current was decreased to 65 nA. Therefore, when compared with the device before the SCF-nitridation treatment, a larger memory window as well as lower consumption power were obtained. 
Conclusion
A low temperature supercritical uid (SCF) nitridation technology was utilized to boost the performance of an RRAM device with ITO/HfO 2 /TiN structure. Nitrogen was successfully doped into the ITO electrode of the device aer completing the fabrication of the RRAM device via a SCF-nitridation process. According to the XPS analyses and current tting analyses, we found that an oxygen-rich region was formed around the conductive lament tip due to the nitrogen doping effect with N-O bond formation in the ITO electrode, which can be proven due to the fact that the current conduction mechanism is transferred to Schottky emission instead of ohmic conduction. The oxygen-rich region occurred in N:ITO and was a result of the SCF-nitridation process and can be regarded as the main reason for the decrease in the operation currents and the improvement in performance. We believe that the low-temperature SCFnitridation technology is of great value for the performance improvement of RRAM devices in the future.
